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Abstract

Preeclampsia (PE) is a multisystem disorder that remains a major cause of maternal and foetal morbidity and death. To date, no treatment

has been found that prevents the development of the disease. Endothelial dysfunction is considered to underlie its clinical manifestations,

such as maternal hypertension, proteinuria, and edema; however, the precise biochemical pathways involved remain unclear. A current

hypothesis invokes the occurrence of oxidative stress as pathogenically important, as suggested by the fact that in PE, the placental and

circulating levels of lipid peroxidation products (F2-isoprostanes and malondialdehyde [MDA]) are increased and endothelial cells are

activated. A potential mechanism for endothelial dysfunction may occur via nuclear transcription factor kappa B (NF-nB) activation by

oxidative stress. Alternatively, the idea that the antiangiogenic placental soluble fms-like tyrosine kinase 1 factor (sFlt1) is involved in the

pathogenesis of this disease is just emerging; however, other pathophysiological events seem to precede its increased production. This review

is focused on evidence providing a pathophysiological basis for the beneficial effect of early antioxidant therapy in the prevention of PE,

mainly supported by the biological effects of vitamins C and E.
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1. Introduction

Preeclampsia (PE), a multisystem syndrome that affects

between 0.4% and 2.8% of all pregnancies in the

developed countries (Villar et al., 2003), is associated

with substantial maternal and neonatal morbidity and

mortality (Roberts & Cooper, 2001; Davison et al.,

2004). There is no satisfactory treatment to prevent the

development of the disease, except steps to avoid or

reduce complications such as hypertension and eclamptic

seizures (Afifi & Churchill, 2003), and early delivery is the

only successful treatment. The primary event of PE

remains largely unknown, but endothelial dysfunction

plays a major role in the underlying pathophysiological

mechanism of the disease. Most of the clinical attributes of

PE, such as hypertension, proteinuria, and edema, are

derived from pathological changes within the maternal

vascular endothelium or involve endothelial dysfunction

(Roberts, 1998). The endothelium participates in the

modulation of vascular tone, control of primary hemo-

stasis, host defence and inflammation, transport of

nutrients and other solutes, and activation/inactivation of

various vasoactive hormones. Endothelial dysfunction is

characterised by a shift of the actions of the endothelium

toward reduced vasodilation, a proinflammatory state, and

prothrombic properties (Endemann & Schiffrin, 2004).

Factors likely playing a role in the impairment of normal
endothelial cell function in PE include placental ischemia,

lipoprotein-induced toxicity, increased reactive oxygen

species (ROS), antiangiogenic effects, and immune mal-

adaptation, which result in the synthesis and release of

proinflammatory cytokines. Although the nature of this

disease seems to be multifactorial, accumulated evidence

indicates that oxidative stress may represent a point of

convergence for several contributing factors potentially

leading to endothelial cell dysfunction and eventually to

the clinical manifestations of PE. Pregnancy per se leads to

oxidative stress (Wisdom et al., 1991), due to an increased

mitochondrial activity, reduced antioxidant scavenging

potential, and occurrence of ischemia–reperfusion events,

in the placenta. In agreement, heightened level of oxidative

stress status was encountered (Myatt & Cui, 2004) and

confirmed in most studies. However, this view has been

recently questioned because of the finding of less

profoundly increased levels of oxidative stress status in

preeclamptic women, as assessed by several biochemical

parameters in women with PE compared with normoten-

sive pregnant women (Llurba et al., 2004). Supplementa-

tion with vitamins C and E, 2 antioxidant agents, in

women at increased risk of PE, has been associated with

normalisation of plasma markers of vascular endothelial

activation, placental insufficiency, and the occurrence of

the disease (Chappell et al., 1999). Accordingly, it was

suggested that this treatment might be beneficial in the
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prevention of PE, although the rationale of this prophy-

lactic approach needs to be investigated further. The aim of

the present review is to present the pathophysiological and

molecular evidence supporting a role of antioxidant

vitamins C and E as potential therapeutic agents in the

prophylaxis of PE.
2. Oxidative stress in normal pregnancy

Pregnancy itself is a condition of increased susceptibility

to oxidative stress, leading to potential tissue damage (Sies,

1991). Several organs in pregnant women show increased

basal oxygen consumption and changes in substrate energy

use. The production of ROS within the foetal–placental unit

has special relevance due to its highly vascularised nature

and since the tissue is rich in mitochondria, there is also an

abundance of macrophages. At pregnancy term, the human

placenta is hemomonochorial, meaning that only 1 chorionic

trophoblast cell layer exists between maternal and foetal

blood, which favours the exchange of gases, nutrients, and

metabolic products. In turn, oxygen delivery is favoured by

the lower partial pressure of oxygen, which raises lactic acid

production and lowers pH, within the placental cells and

foetal circulation. In addition, as the hypoxic placenta

matures, vascularisation develops to create an oxygen-rich

environment. Moreover, the increasing mitochondrial mass

favours the production of ROS (Liochev & Fridovich,

1997). Nitric oxide (NO) is also produced by the placenta

(Dotsch et al., 2001), giving rise to another local source of

free radicals, likely contributing to endothelial dysfunction,

as will be further discussed below. Finally, because the

placenta is also rich in macrophages (Hofbauer cells), the

local production of free radicals, including reactive chlorine

species, also might contribute to the development of

oxidative stress (Myatt & Cui, 2004). This view is based

on the ability of Hofbauer cells to express both inducible

nitric oxide synthase (iNOS) activity (Myatt et al., 1997)

and NADPH oxidase activity (Matsubara et al., 2001),

although studies on xanthine oxidase are still lacking. On

the other hand, the defence mechanisms against ROS

damage are also enhanced in pregnancy. Thus, a progressive

increase in free radical scavengers, such as glutathione and

bilirubin, as well as in the activity of antioxidant enzymes in

placenta has been reported (Watson et al., 1997, 1998;

Qanungo & Mukherjea, 2000). In addition, the activities of

glutathione peroxidase in erythrocytes and platelets and of

extracellular superoxide dismutase (SOD) have also been

found to increase progressively throughout gestation up to

the third trimester (Uotila et al., 1991; Tamura et al., 2001),

which suggests that there is an increased presence of

superoxide anions. In agreement with these observations,

the induction of antioxidant enzymes after exposure to

oxidative stress is well documented (Talalay et al., 2003;

Bae et al., 2004). Genes encoding these enzymes are often

coordinately regulated through antioxidant responsive ele-
ment (ARE) in their gene regulatory regions (Lee &

Johnson, 2004). Furthermore, it has been reported that

transcription factor NF-E2-related (Nrf2) binds to these

ARE sites, leading to the up-regulation of downstream

genes that regulate a wide array of ARE-driven genes in

various cell types. To compensate for these effects, lipid

peroxidation becomes more attenuated, with the progress of

gestation, protecting the foetus against ROS toxicity

(Qanungo & Mukherjea, 2000).

Adaptive mechanisms enhancing the maternal antiox-

idant defence system that counteract the effect of free

radicals through enzymatic induction, as well as through

nonenzymatic free radical protectors and scavengers, could

prevent the occurrence of oxidative stress. However,

pregnancy is a state where this adaptation and equilibrium

could be easily disrupted. Thus, oxidative damage has been

implicated in preterm premature rupture of membranes

(Woods et al., 2001) and is associated with intrauterine

growth restriction (Takagi et al., 2004). It seems likely that

vitamins C and E could exert a protective effect by the

reinforcement of antioxidant defences. An in vitro study

reported evidence that vitamins C and E protect the strength

and integrity of the chorioamnion from ROS-induced

damage (Plessinger et al., 2000).

The antioxidant nutrient balance in pregnant women

could also play an important role in foetal growth. Although

little is known about the maternal and foetal pharmacody-

namics of vitamins C and E, recent studies in full-term

babies reported that birth weight and length were highest

when the levels of both vitamins C and E were high (Lee et

al., 2004). The authors also found that maternal serum levels

of vitamin C, during the second trimester of pregnancy,

were positively correlated with birth weight and length of

these babies. However, when the gestational age was further

controlled in the regression model, the association between

vitamin C level and birth weight did not reach statistical

significance. Therefore, further research may be needed to

verify the role of vitamins C and E during foetal growth.

Moreover, the effect of these vitamins is exerted in

reinforcing the embryonic antioxidant defence mechanism,

possibly during the first trimester of gestation (Zaken et al.,

2001), mainly since the placenta has a limited antioxidant

enzyme capacity during this period (Jauniaux et al., 2004).

Deficient invasion of the endometrium by extravillous

cytotrophoblast cells during the first trimester of pregnancy

is the most widely recognised predisposing factor for PE

(Hubel, 1999). The normal process consists of the physio-

logical conversion of highly tortuous and thick-walled

vessels to flaccid sinusoidal conduits of low resistance,

but in PE, this is associated with a partial failure of placental

trophoblast invasion. Consequently, spiral arteries display

an abnormally high vascular resistance with reduced

uteroplacental perfusion as confirmed by Doppler flow

velocimetry studies (Aquilina & Harrington, 1996).

The generation of lipid peroxides in PE is thought to be

initiated in the placenta through an exaggerated production
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of superoxide anion that reacts rapidly with NO to form

peroxynitrite. Accordingly, significantly elevated levels of

lipid peroxidation products, such as malondialdehyde

(MDA) and F2-isoprostanes (8-Iso-PGF2a), have been

found in preeclamptic placental tissue (Staff et al., 1999;

Madazli et al., 2002), as well as in the plasma and urine of

preeclamptic women (Kumar & Das, 2000; McKinney et

al., 2000; Barden et al., 2001). In addition, the highest levels

of free 8-Iso-PGF2a were found in severe cases of PE. This

finding has special relevance because 8-Iso-PGF2a, besides

being a potent vasoconstrictor, is the result of peroxidation

of arachidonic acid, which is the precursor of the substantial

vasodilator prostacyclin (PGI2). Lipid peroxides, oxidative

stress, and ROS have been shown to activate nuclear

transcription factor kappa B (NF-nB) in endothelial vascular

cells (Takacs et al., 2001), a mediator responsible for the

activation of proinflammatory cytokines and chemokines

(Kauma et al., 2002). The addition of 50 mM vitamin E, a

dose comparable with serum levels that result from taking

400 IU of vitamin E orally, inhibited NF-nB activation in

human umbilical vascular endothelial cells (HUVEC)

(Takacs et al., 2001). These studies support the hypothesis

that the beneficial effects of antioxidant therapy in the

prevention of PE occur through the inhibition of the lipid

peroxide activation of vascular endothelial cells.
3. Oxidative stress in preeclampsia

Although the cause of PE remains largely unknown, the

occurrence of oxidative stress is a feature of the maternal

syndrome. The main source of ROS initiating the patho-

physiological events appears to be the placenta (Serdar et

al., 2002), but maternal leukocytes and maternal endothe-

lium are also likely contributors. In addition, it has been

proposed that oxidative stress is a component of PE that

could provide the linkage between decreased placental

perfusion and the maternal syndrome (Roberts & Hubel,

1999; Moretti et al., 2004).

3.1. Pathophysiology

Reduced placental perfusion, due to abnormal vascular

development of the blood vessels in preeclamptic placenta,

is secondary to deficient trophoblast invasion (Burton &

Jauniaux, 2004) that may also alter the implantation

(Merviel et al., 2004). Thus, spiral arteries display an

abnormally high vascular resistance with reduced uteropla-

cental perfusion as confirmed by Doppler flow velocimetry

studies (Aquilina & Harrington, 1996). The inadequacy of

placental perfusion is likely to result in oxidative stress

through an intermittent placental perfusion due to changes

in the vascular vasomotor activity by maternal humoral and

neural influences (Burton & Jauniaux, 2004), giving rise to

hypoxia–reoxygenation cycles. As will be further discussed

below, hypoxia is a potent stimulus of ROS generation.
Also, as a result, the activation of apoptotic pathways could

lead to increased deportation of syncytiotrophoblast micro-

vesicles into the maternal circulation. These particles have

been directly linked to activation of maternal neutrophils,

although maternal neutrophils may also be locally activated

during the passage of maternal blood through the placenta

(Raijmakers et al., 2004a). Thus, isolated neutrophils from

women with PE synthesise more superoxide than those of

normotensive pregnant women. In turn, activated neutro-

phils may contribute to the activation of the vascular

endothelium. Maternal blood leukocytes in preeclamptic

patients are activated and support the view that oxidative

stress is a contributing factor in the pathophysiology of PE

(Holthe et al., 2004).

In addition, the problems caused by perfusion could be

the result of activation of a coagulation cascade, especially

in platelets, with microthrombi formation. It is known that

the various maternal constitutional factors, together with

decreased placental perfusion, result in the generation of

oxidative stress. The toxaemia theory, proposing that the

compromised placenta produces substances that lead to the

maternal syndrome of PE, has gained validity in the light of

more recent data showing an increased concentration of the

products of oxidative stress and is able to account for the

pathophysiological sequence of events.

3.2. Prooxidant enzymes

The most common ROS is the superoxide anion,

generated in living cells by NADPH oxidase, xanthine

oxidase, flavin enzymes, and enzymes in the mitochondrial

electron transport chain. Xanthine and NADPH oxidases

have been identified as major vascular superoxide-forming

enzyme systems, but the contribution of xanthine oxidase

is generally minor (Poston & Raijmakers, 2004). Ische-

mia–reperfusion is a potent stimulus to the conversion of

xanthine dehydrogenase to xanthine oxidase, which is

abundantly expressed in cytotrophoblast, syncytiotropho-

blast, and villous stromal cells (Hassoun et al., 1994;

Many et al., 2000). Therefore, xanthine oxidase is likely to

play a key role in tissue damage in the human placenta,

evidenced by an increase in nitrotyrosine staining in

trophoblast and activation of apoptotic pathways, but these

changes are abolished by the addition of a free radical

scavenger (Hung et al., 2002). In turn, NADPH oxidase

activity, constitutively observed in the trophoblast of the

human placenta, is massively stimulated in PE (Matsubara

& Sato, 2001). This enzyme consists mainly of 5 subunits

(p22phox, p47phox, p67phox, Rac, and gp91phox), which,

under appropriate stimulation, assemble at the cell mem-

brane. Placentas from preeclamptic patients show increased

expression of NADPH oxidase components p22, p47, and

p67 (Dechend et al., 2003). Other forms of NADPH

oxidase are also implicated in the pathophysiology of PE,

such as those present in phagocytes (neutrophilic and

eosinophilic granulocytes, monocytes, and macrophages)
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and vascular cells. Isolated neutrophils from women with

PE synthesise more superoxide than those from normo-

tensive pregnant women (Lee et al., 2003a), and this is

mediated by NADPH oxidase (Lee et al., 2003b). Vascular

NADPH oxidase plays a major role in the development of

hypertension (Touyz & Schiffrin, 2004) and is a target for

a down-regulation exerted by antioxidants, such as

vitamins C and E. In addition, angiotensin receptor agonist

antibodies, which have been isolated from the blood of

women with PE (Wallukat et al., 1999), have been

suggested to be responsible for the stimulation of vascular

NADPH oxidase (Poston & Raijmakers, 2004). Recently,

the development of hypertension in spontaneously hyper-

tensive rats was prevented by treatment with antioxidants

(Zhan et al., 2004). Accordingly, it has been demonstrated

that vitamins C and E can exert a down-regulation on

NADPH oxidase activity (Ülker et al., 2003) and thus

could contribute to attenuate the elevation of blood

pressure accompanying the syndrome of PE. Finally, it

was suggested that NADPH oxidase could act as an

oxygen sensor, regulating differentiation from cytotropho-

blast to syncitiotrophoblast when oxygen tension increases

(Manes, 2001). Studies in vitro revealed that the associ-

ation of a-tocopherol (25 AM) and ascorbate (50 AM)

prevents the release of lipid peroxides from placental

mitochondria and therefore could be protective against the

development of PE (Milczarek et al., 2000).

3.3. Placental ischemia–

reperfusion and reactive oxygen species

Although biomarkers of oxidative stress have been

detected in the blood of women with PE for over 40 years

(Roberts & Cooper, 2001), the mechanism whereby the

biological effects can mediate the generation of the

syndrome has only recently attracted interest. Despite the

possibility that the generation of the placental oxidative

stress may be related to hypoxia derived from a reduced

uteroplacental perfusion, hypoxia alone is not sufficient to

account for all the morphological findings (Burton et al.,

1999). In fact, the lack of placental perfusion continuity

may be a more important factor because once the maternal

blood flow is reestablished, an ischemia–reperfusion cycle

occurs (Hung et al., 2001). As a consequence, an

increased capacity of placental as well as of other cells

to generate ROS has been found in PE (Many et al.,

2000; Serdar et al., 2002). If the generation of ROS

exceeds the capacity of the antioxidant defences, then

oxidative stress will cause placental damage, which could

account for the increased rates of infarction and syncytial

necrosis. Therefore, because the placenta seems to be the

primary target of ROS, it should be expected that the

reinforcement of the antioxidant defences (through vita-

mins C and E supplementation) be accompanied by an

amelioration of the deleterious effects derived from the

placental damage.
3.4. Biomarkers of oxidative stress

The generation of lipid peroxides in PE is thought to be

initiated in the placenta through an exaggerated production

of superoxide anion via prooxidant enzymes. In addition,

increased plasma levels of products of lipid peroxidation

and protein carbonylation have been encountered, likely due

to the contribution of placenta, activated leukocytes, and

endothelial cells. The main biomarkers of oxidative stress

will be analysed below.

3.4.1. Peroxynitrite

The increased generation of superoxide anion by the

placenta, activated leukocytes, or endothelial cells is

accompanied by an up-regulation of iNOS, an isoform

mainly located in macrophages and neutrophils, leading to

increased formation of the potent peroxidant peroxynitrite.

When superoxide and NO concentrations are increased, NO

effectively outcompetes SOD for superoxide, resulting in

peroxynitrite anion formation. Indeed, the rate constant for

the formation of peroxynitrite is 3 times faster than that of

the interaction of superoxide with SOD (Huie & Padmaja,

1993). Peroxynitrite in high concentrations is cytotoxic and

may cause oxidative damage to proteins, lipids, and DNA

(Beckman & Koppenol, 1996). Furthermore, in the foetal

vasculature and villous stroma of preeclamptic placentas,

there is an increased expression of nitrotyrosine residues,

formed from the interaction of peroxynitrite with tyrosine

moieties (Myatt et al., 1996).

3.4.2. Malondialdehyde

The reaction of peroxynitrite with lipids leads to

peroxidation and MDA and conjugated diene formation

(Var et al., 2003a). In women with PE, MDA levels are

reported to be elevated in maternal plasma and placental

tissue (Madazli et al., 2002; Takacs et al., 2003; Aydin et al.,

2004), as well as in erythrocytes. In fact, it was found that

the severity of the disease did indeed correlate with both the

MDA concentration in the serum (Serdar et al., 2002) and

that in erythrocytes (Madazli et al., 1999). Accordingly, it

was shown that the greater the level of lipid peroxidation,

the greater the severity of PE (Panburana et al., 2000).

Similarly, there are studies indicating a positive correlation

between the severity of PE and the degree of oxidative

stress, which corroborate data suggesting ROS to be

involved in the pathophysiology of PE (Wiktor et al.,

2004). Furthermore, an erythrocyte level of 35.98 nmol

MDA/g haemoglobin or greater was demonstrated to be a

value that correlated with the development of PE in the third

trimester (Basbug et al., 2003). In addition, the determi-

nation of MDA in the cord was reported to be useful in

recognising neonates who are at risk of asphyxia (Zeteroǧlu

et al., 2004). It is noteworthy also that MDA products may

behave as toxic bifunctional electrophiles, due to reactivity

with proteins, phospholipids, and DNA, generating stable

products at the end of a series of reactions to form propane
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adducts (Blair, 2001). Consequently, a change in the

properties of the molecule, for example, in its charge

profile, could result in modified cell–matrix interactions

(Slatter et al., 2000). Lipid peroxides, normally present in

lipoproteins or membranes, are known to further induce

lipid peroxidation, inhibit the mitochondrial electron trans-

port system, and to oxidise sulfhydryl groups on proteins,

hence altering its function or otherwise disrupting signal

transduction pathways (Ischiropoulos et al., 1992).

Although the thiobarbituric acid reaction has been the most

widely used method for the measurement of MDA in a wide

array of samples, including the majority of data here

reported, it has also been the most criticised one because

of the nonspecificity and overestimation of true MDA (Liu

et al., 1997). In addition, MDA is also a cyclooxygenase

product. Nevertheless, despite the negative features of this

method, if interpreted cautiously and correlated with data

from other indices, it could offer a window to the complex

process of lipid peroxidation.

3.4.3. F2-isoprostanes

The nonenzymatic peroxidation of arachidonic acid

results in the formation of F2-isoprostanes, which are also

products of lipid peroxidation. The levels of these com-

pounds can serve as an index of lipid peroxidation in several

diseases, and they have been reported to be significantly

increased in women with PE (Hubel et al., 1996; Barden et

al., 2001). The production and secretion rates of F2-

isoprostanes for placentas obtained from women with PE

were significantly higher than that of controls (Walsh et al.,

2000), providing convincing evidence that oxidative stress

and lipid peroxidation are abnormally increased in pree-

clamptic placenta. Although F2-isoprostanes may be gen-

erated from cyclooxygenase-2 catalysed reactions in

mesangial cells and platelets (Klein et al., 1997), to our

knowledge, there are no studies revealing their enzymatic

formation in the placenta.

3.4.4. Carbonyls

The direct damage of proteins during oxidative stress can

give rise to the formation of protein carbonyls, which may

serve as biomarkers for general oxidative stress, in addition

to data provided by lipid peroxidation. Higher levels of

protein carbonyls in both the placenta and decidua were

found in women with mild to severe PE alone (Serdar et al.,

2002) and also with concurrent hemolysis, elevated liver

enzymes, and low platelet count (HELLP) syndrome, a rare

but potentially serious complication of pregnancy (Zuster-

zeel et al., 2001).

Difficulties for the assessment of oxidative stress could

occur due to confounders, hazard, and artifactual factors

affecting the true estimation of the parameters. From the

above mentioned biomarkers, likely the occurrence of

oxidative stress in PE could be better reflected in the

plasma levels of free F2-isoprostanes. F2-isoprostanes are a

unique series of prostaglandin-like compounds formed in
vivo from the free radical-catalysed peroxidation of arach-

idonic acid independent of the cyclooxygenase enzyme

(Morrow, 2000). Because of their mechanism of formation,

specific structural features that distinguish them from other

free radical-generated products and chemical stability, they

can provide a reliable index of lipid peroxidation in vivo in

a variety of clinical settings associated with oxidative stress

(Cracowski et al., 2001). In addition, this determination

provides a noninvasive method for dose selection to monitor

the response to antioxidant treatment (Pratico et al., 2001).

Previously, F2-isoprostanes measurement has been success-

fully applied for the assessment of oxidative stress in

clinical studies of PE (Barden et al., 1996; McKinney et al.,

2000; Barden et al., 2001; Chappell et al., 2002b).
4. Role of antioxidants in preeclampsia

4.1. Antioxidant enzymes

In normal pregnancy, by 10 to 12 weeks of gestation,

the onset of maternal blood flow in the placenta results in

a local increase in oxygen tension and parallel elevation in

the expression and activity of the antioxidant enzymes

(Jauniaux et al., 2000). On the contrary, the increased

concentration of superoxide in the placental tissue of

preeclamptic women (Sikkema et al., 2001) was found

associated with decreased SOD activity and mRNA

expression, for CuZn–SOD in trophoblast cells isolated

from preeclamptic placentas (Wang & Walsh, 2001). Also,

it was recently found that these women show a decrease in

plasma levels of SOD (Aydin et al., 2004). Therefore, a

decreased degradation of superoxide anion should be

expected. These data are in agreement with another study

reporting a decrease in catalase and SOD activities, with a

concomitant elevation of lipid peroxidation products

(Kumar & Das, 2000). By contrast, in the placenta of

women with PE associated with HELLP syndrome, the

total glutathione peroxidase activity was more elevated

than that in control pregnancies (Kumar & Das, 2000).

However, another study reported a decreased activity of

glutathione peroxidase, SOD, and glutathione-S-transferase

in placenta from preeclamptic women (Mutlu-Turkoglu et

al., 1998). Although there is some contradiction in the

results of studies of the effects of PE on the activity of

antioxidant enzymes, ROS formation does appear to be

involved. On the other hand, vitamins C and E have

demonstrated to increase SOD activity, which decreases

superoxide anion concentration in the vascular cells (Chen

et al., 2001), a mechanism that could counteract the

development of hypertension.

4.2. Nonenzymatic antioxidants

A majority of studies report that women affected by PE

have altered levels of natural or endogenous antioxidants in
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the blood, placenta, and deciduas (Walsh & Wang, 1993;

Bayhan et al., 2000; Kumar & Das, 2000; Zusterzeel et al.,

2002; Serdar et al., 2003). Nevertheless, the reduction in

antioxidant plasma level does not distinguish women with

severe from mild forms of PE (Aksoy et al., 2003).

Furthermore, the finding of low concentration of antioxidant

vitamins supports the concept of increased oxidative stress

in PE. Factors influencing the plasma levels of vitamins C

and E in normal and preeclamptic pregnancies will be

analysed below.

4.2.1. Vitamin C

Plasma levels of the reduced form of ascorbic acid, a

water-soluble vitamin, were reported to be significantly

decreased in patients with both mild and severe PE (Kharb,

2000; Mohindra et al., 2002) in association with increased

lipid peroxidation (Panburana et al., 2000) and decreased

protein thiol levels (Llurba et al., 2004). This effect was

attributed to the increased activity of an ascorbate-oxidising

system in the plasma of preeclamptic women (Hubel et al.,

1997). The reason for the decreased plasma ascorbate is not

clear but is consistent with the hypothesis that uteroplacental

perfusion induces oxidative stress and ascorbate consump-

tion (Chappell et al., 2002a). The functional consequence

and the possible role of decreased plasma ascorbate reserves

in PE is consistent with the fact that women who ingested

less vitamin C than the recommended daily allowance (85

mg) were at a 2-fold increased risk of developing PE (Zhang

et al., 2002).

4.2.2. Vitamin E

During pregnancy, the blood a-tocopherol concentra-

tion increases in association with the increase in blood

lipid concentration (Horwitt et al., 1972). Newborns have

significantly lower plasma vitamin E concentrations than

do their mothers (Baker et al., 1975), but when these

concentrations are standardised for phospholipids or total

lipids, significant differences are not found (Abbasi et

al., 1990). Also, it was reported that women with PE

show a diminution in placental and maternal plasma

levels of the antioxidant carotenoids beta-carotene and

lycopene and in placental canthaxanthin (Palan et al.,

2001). Furthermore, another study did not find significant

differences in plasma a-tocopherol concentration between

patients with PE and healthy pregnant women; but a-

tocopherol levels corrected by total lipids (cholesterol and

triglycerides) showed significantly increased values com-

pared with controls (Llurba et al., 2004). Short-term

supplementation of pregnant women before delivery

significantly enhanced the vitamin E status of the mother

only (Leger et al., 1998), suggesting that vitamin E does

not pass efficiently through the placenta to the newborn

circulation. A a-tocopherol binding protein was isolated

from human placenta, pointing to a role of this protein in

regulating the transfer of tocopherols through the placental

barrier.
In addition, a-tocopherol and h-carotene levels were

found significantly decreased only in severe PE (Mikhail et

al., 1994; Sagol et al., 1999; Kharb, 2000). In addition, an

inverse correlation between vitamin E levels and lipid

peroxidation was reported (El-Salahy et al., 2001), suggest-

ing that vitamin E concentration in plasma may be useful as

a prognostic marker of the likely development of PE

(Akyol et al., 2000). In addition, there was a relationship

found between the extent of vitamin E deficiency and

increased lipid peroxidation with increased diastolic blood

pressure (Madazli et al., 1999). Thus, decreased plasma

levels of vitamin E could be a contributory factor of

hypertension in PE.

A majority of studies agree that PE causes a diminution

in serum levels of antioxidant vitamins, as well as other lipid

soluble antioxidants such as coenzyme Q10 (Palan et al.,

2004), carotenoids, and retinol (Williams et al., 2003).

However, other studies did not demonstrate significant

differences in plasma vitamin E concentration between

women who developed PE and those who did not (Ben-

Haroush et al., 2002). Moreover, some results are at

variance with the prevailing hypothesis that PE is an

antioxidant-deficient state, since increased plasma concen-

trations of vitamin E among women with PE as compared

with normotensive pregnant women have been reported

(Uotila et al., 1993; Schiff et al., 1996; Zhang et al., 2001).

The latter studies are supportive of the viewpoint that would

reject the hypothesis of a causal relationship between

decreased dietary vitamin E consumption and plasma levels

and the development of PE. These studies suggest that the

higher plasma vitamin E concentrations in preeclamptic

compared with normal women represent a response to

oxidative stress associated with the preeclamptic process, a

hypothesis that remains to be demonstrated.

It should be pointed out that the lack of lipid adjustment

of plasma vitamin E levels of some studies might explain

the controversy between the results. Moreover, plasma

vitamin E is a poor index of vitamin E status, as it is lipid

bound. Tissue concentrations are actually the only reliable

indices. Thus, the plasma tocopherol increase during PE

probably reflects the accentuated hyperlipidemia accompa-

nying the disease and confounding the interpretation of

plasma vitamin E as indicator of antioxidant status. There-

fore, on this basis, it was suggested that if lipid peroxidation

is induced in PE, it would be strongly suppressed by the

presence of high plasma levels of the lipophylic antioxidant

a-tocopherol (Llurba et al., 2004). These authors also

suggest that circulating vitamin E levels in PE may be

insufficient to protect the increased small, dense low-density

lipoprotein (LDL) particles, which result from hypertrigly-

ceridemia and which are particularly susceptible to oxida-

tion (Tribble et al., 1995; Gratacos et al., 2003).

Consequently, it could be suggested that vitamin E

supplementation to pregnant women at risk of PE would

prevent the consequences derived from increased lipid

peroxidation.
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5. Endothelial dysfunction in preeclampsia

The endothelium is a monolayer of polygonal flat cells

that extend continuously over the luminal surface of the

entire vasculature, a biological barrier strategically located

between the vascular smooth muscle and the blood stream.

The functions of the endothelium are numerous and vary

according to the size and distribution of blood vessels

(Luscher & Barton, 1997). It participates in the modulation

of vascular tone, control of primary hemostasis, host

defence and inflammation, transport of nutrients, and other

solutes, along with the activation and inactivation of various

vasoactive hormones. Endothelial dysfunction is character-

ised by a shift of the actions of the endothelium toward

reduced vasodilation, a proinflammatory state, and pro-

thrombic properties (Endemann & Schiffrin, 2004). Gener-

alised endothelial dysfunction could be responsible for all

the clinical aspects of the maternal syndrome of PE

(Davison et al., 2004). Factors likely to contribute to

endothelial dysfunction in PE would be placental ischemia,

lipoprotein-induced toxicity, increased ROS, and immune

maladaptation, which result in the synthesis and release of

proinflammatory cytokines; however, unequivocal data do

not exist at this point. Accumulated evidence suggests that

oxidative stress is a major mediator of PE, but the

underlying mechanism whereby this phenomenon occurs

seems to involve many factors, in addition, antiangiogenic

modulators are also involved. Placental factors released into

the maternal blood stream by the abnormally developed

placenta could lead to systemic endothelial dysfunction.

It is known that the enhanced generation of ROS leads to

a decrease in NO bioavailability. NO is a humoral factor

regulating the foetal placental blood flow, and it maintains

low resistance and attenuates the actions of vasoconstrictors

in the foetal placental vasculature. In established PE, several

suggestions have been advanced to explain the transfer of

oxidative stress from the intervillous space to the maternal

systemic circulation. Neutrophils and monocytes could be

activated by oxidative stress in the intervillous space and

then generate the ROS when in contact with the maternal

endothelium (Holthe et al., 2004). The transfer of oxidative

stress could also be secondary to the formation of stable

lipid peroxidation products. It is noteworthy that the

augmentation of free radicals could exert important effects

in the vascular endothelium (Waktsuki & Okatani, 2000),

accounting for the mechanism of vasospasm in PE (Okatani

et al., 1997). Numerous mediators have been implicated in

the pathophysiology derived from endothelial dysfunction,

and lipid peroxides and proinflammatory cytokines are

major causal factors (Gratacos, 2000). On the other hand,

severe PE is associated with elevated levels of the monocyte

chemoattractant protein-1 and interleukin-8 (IL-8). These 2

chemokines are likely induced by a mechanism mediated by

oxidative stress that is inhibited by antioxidant treatment

with vitamin E (Kauma et al., 2002), highlighting the

contribution of oxidative stress to the pathogenesis of
endothelial dysfunction involving monocyte recruitment in

PE. A more recent study showed that F2-isoprostane

mediates the increased IL-8 expression in human macro-

phages, further supporting a link between oxidative stress/

lipid peroxidation and inflammation in these cells and

suggesting a role for F2-isoprostanes in this process (Scholz

et al., 2003). These aspects of endothelial dysfunction in PE

are further discussed below.

5.1. Nitric oxide

During pregnancy, NO is one of the most important

relaxing factors of myometrium and also no less important

in the control of blood flow in uterus and placenta. It is

formed through a reaction catalysed by endothelial NO

synthase (eNOS) and plays a major role in maintaining

vascular homeostasis. The availability of the cofactor

tetrahydrobiopterin (BH4) is relevant for the enzyme

function. In normal placenta, adequate concentrations of

l-arginine orient eNOS toward the synthesis of NO.

However, in PE, a lower than normal l-arginine concen-

tration caused by arginase II overexpression (Noris et al.,

2004) or an alteration in erythrocyte uptake of l-arginine

(da Costa et al., 2004) could redirect eNOS toward the

synthesis of peroxynitrite. Also, placental hypoxia, which is

associated with PE, does not induce an up-regulation of

eNOS (Orange et al., 2003). The eNOS inhibitor N(omega)-

nitro-l-arginine methyl ester (l-NAME) generates a vaso-

constrictor response that is significantly decreased in

patients with PE, which can be interpreted as a reduced

effect of functional NO in the circulation, which proves that

the NO pathway is impaired in the vascular bed in these

patients (Bisseling et al., 2004). l-NAME administration in

pregnant rats induces PE, and the foetuses show endothelial

dysfunction that disappears after birth (Martinez-Orgado et

al., 2004).

Because the placenta lacks autonomic innervation,

locally produced mediators like NO play an important role

in the maintenance of placental blood flow. In addition, NO

regulates leukocyte adhesion to the endothelium (Kubes et

al., 1991) and inhibits vascular smooth muscle cell

proliferation and platelet aggregation (Radomski et al.,

1987). All these functions could be impaired by the

consumption of NO by superoxide anions produced during

oxidative stress, thereby diminishing NO bioavailability.

Consistent with this was the finding of a diminished

concentration of NO in plasma (Var et al., 2003b; Aydin

et al., 2004) or amniotic fluid (Tranquilli et al., 2004) in

preeclamptic women. A study performed in an ex vivo

cotyledon perfusion model in women with PE demonstrated

that the antioxidant N-acetylcysteine improves the endothe-

lial function mediated by the NO pathway, supporting the

view that the impairment in this pathway in PE is related to

the occurrence of oxidative stress (Bisseling et al., 2004).

Recently, it was found that increased NO production

correlated well with an increased plasma level of neurokinin
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B, a neuropeptide that belongs to the tachykinin family,

suggesting that this response may be a compensatory

mechanism to improve blood flow to the uteroplacental

unit (D’Anna et al., 2004). However, because the spiral

arteries are unresponsive and cannot be dilated, an adequate

blood supply to the placenta fails to occur; therefore, raised

levels of neurokinin B may then lead to maternal hyper-

tension and damage the kidneys and liver. The role of

neurokinin B in PE remains to be determined (Schlembach

et al., 2003).

Despite the numerous studies addressed to examine NO

production, assessed by monitoring plasma levels of the NO

stable degradation products nitrites and nitrates (NOx) in

both normal pregnancy and PE, the status of NO is

controversial. Thus, an elevation (Nobunaga et al., 1996;

Smárason et al., 1997), a decrease (Seligman et al., 1994;

Begum et al., 1996; Davidge et al., 1996; Choi et al., 2002),

or no change (Silver et al., 1996; Diejomaoh et al., 2004)

has been shown in NOx levels. This controversy may be

partly due to the effect of potential confounders. In this

regard, it should be mentioned the relevance of the control

in the dietary intake of nitrate, which can dramatically affect

the plasma level and urinary excretion of NOx. In addition,

the plasma levels of NOx are influenced by acute fluctua-

tions in their renal tubular reabsorption (Conrad et al.,

1999). The authors used a reduced NOx diet prior to analyse

the plasma and urinary levels of NOx and its second

messenger cGMP. Despite increases in both plasma and

urinary cGMP during normal human pregnancy, NOx were

either unchanged or reduced, suggesting that (1) another

signal besides NO mediates augmented cGMP production

and maternal vasodilation during pregnancy, or (2) body

fluid NOx is an unreliable estimate of hemodynamically

relevant NO. In turn, in preeclampsia, unequivocal support

for reduced NO production was not demonstrated.

Recently, it was reported that decreased eNOS expression

and activity may be associated with increased endothelial

permeability in PE (Wang et al., 2004). These authors

suggested that IL-8, which is increased by oxidative stress

(Scholz et al., 2003), could be a candidate agent that mediates

this effect. The inhibition of eNOS resulted in enhanced IL-8-

induced endothelial monolayer permeability in preeclamptic

endothelial cells compared with those from normal pregnan-

cies, probably due to a higher susceptibility to proinflamma-

tory cytokines in PE; however, these data need to be

confirmed. Finally, modulation of NOS isoforms by endo-

thelin (ET)-1, as found in PE, is suggestive of a functional

relationship. Thus, trophoblastic cells in preeclamptic

women show an increased expression of eNOS, whereas

that of the inducible isoform (iNOS) being the main source of

NO synthesis, is decreased (Napolitano et al., 2000).

5.2. Asymmetric dimethylarginine

The generation of NO by eNOS could be down-regulated

in PE by hypoxia and by increased levels of asymmetric
dimethyl arginine (ADMA), as well as by a diminished

enzyme expression. An elevated ADMA concentration has

been attributed to hypertension (Surdacki et al., 1999),

hyperlipidemia (Boger et al., 1998), and hyperhomocystei-

nemia (Sydow et al., 2003; Stuhlinger et al., 2003), 3

alterations likely to be found in PE. Accordingly, ADMA

has been reported to be elevated in the plasma of women

with PE (Holden et al., 1998), which could directly interfere

with NO and induce endothelial dysfunction, due to its

ability to behave as an endogenous competitive inhibitor of

eNOS.

Elevated circulating ADMA concentrations, in combina-

tion with low plasma arginine levels, have been suggested to

be of pathophysiological importance in pregnancies com-

plicated with PE (Pettersson et al., 1998). In addition,

ADMA causes an uncoupling, where the activity of the

enzyme for NO production is decreased in association with

an increase in eNOS-dependent superoxide anions forma-

tion (Touyz & Schiffrin, 2004). Women at risk of PE, having

a high resistance in the placental circulation, a foetus with a

low weight for gestational age, or both, show elevated

concentrations of ADMA, which is a potential contributory

factor for the development of PE and is associated with

endothelial dysfunction (Savvidou et al., 2003). Angioten-

sin-converting enzyme inhibitors and AT1 receptor blockers

can diminish ADMA generation, otherwise stimulated by

angiotensin II (Delles et al., 2002), but the latter mechanism

is not well understood.

Recently, the association of increased plasma levels of

ADMA and PE has been called into question by a study

reporting no significant differences between preeclamptic

and normal pregnant women (Maas et al., 2004). The

authors also showed lack of ethnicity-related differences in

ADMA concentration in White, African, indigenous, and

multiethnic pregnant women, thus suggesting that pree-

clampsia in low- and high-risk populations may have

distinct underlying causes.

5.3. Peroxynitrite

Peroxynitrite can alter cellular functions in many ways

and nitrate many proteins, particularly tyrosine moieties. In

addition, peroxynitrite diminishes NO bioavailability

because it oxidises BH4, a cofactor for eNOS, thereby

leading to degradation of the enzyme (Milstien & Katusic,

1999; Szabo et al., 2003), an effect that could be blunted by

vitamin C (Baker et al., 2001). The altered vascular

reactivity occurring in the preeclamptic placenta may be

partly explained by the peroxynitrite effect inducing

vascular dysfunction via selective impairment of adrenor-

eceptors (Benkuski et al., 1999). It has been demonstrated

that peroxynitrite also selectively inactivates the prostacy-

clin receptor (Zou et al., 1999) and decreases the amount of

prostacyclin synthase through a mechanism mediated by

NF-nB (Cooke & Davidge, 2002). These peroxynitrite

effects contribute to the development of hypertension in
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PE. Furthermore, cytotrophoblasts from preeclamptic

women had an increased thromboxane production, thereby

causing an imbalance to the thromboxane and prostacyclin

production (Ding et al., 2002), further contributing to a

generally observed elevated blood pressure.

5.4. Endothelin and F2-isoprostanes

The biological effects of F2-isoprostanes include a potent

vasoconstriction in the kidney, lung, heart, brain, and

placenta (McGiff & Quilley, 2001). The underlying mech-

anism of these effects may occur through a stimulation of IP3

and mitogenesis in vascular smooth muscle cells (Fukunaga

et al., 1993) and a release of endothelin-1 from endothelial

cells (Fukunaga et al., 1995). Indeed, ROS-generated F2-

isoprostanes stimulate DNA synthesis and endothelin-1

expression in endothelial cells (Yura et al., 1999). Accord-

ingly, it was proposed that these compounds may mediate in

the development of hypertension, as found in preeclamptic

patients, because the increased placental secretion of F2-

isoprostanes into the maternal circulation could cause

vasoconstriction in maternal vascular beds (Walsh et al.,

2000). In addition, it was demonstrated that F2-isoprostanes

released from the preeclamptic decidua basalis are signifi-

cantly elevated at delivery (Staff et al., 1999).

5.5. Homocysteine

Elevated homocysteine (Hcy) concentrations are associ-

ated with impaired endothelium-dependent vasodilatation

and early manifestation of atherosclerosis. Lowering plasma

Hcy concentrations with vitamin B treatment is associated

with improved vascular endothelial function. Elevated

levels of reduced Hcy promote endothelial injury and react

with NO in the presence of oxygen to form S-nitro-

sohomocysteine, which may decrease the bioactivity of

NO, due to newly formed and stable nitrosothiol (Chambers

et al., 2001). This reduced form of Hcy promotes the

generation of oxygen-derived free radicals via an increase in

oxidised LDL (oxLDL). Although the Hcy concentration

falls during normal pregnancy (Hague, 2003; Powers et al.,

2004), increased plasma levels have been observed in ¨20–

30% of women with PE. In addition, hyperhomocysteinemia

is reported to be associated with PE (Var et al., 2003b;

D’Anna et al., 2004; Raijmakers et al., 2004b), which

positively correlates with MDA levels (Tug et al., 2003), the

pressure profile (Noto et al., 2003), intrauterine growth

restriction (D’Anna et al., 2004), and the level of soluble

vascular cell adhesion molecule 1 (VCAM-1; Vadachkoria

et al., 2004). On the other hand, increased Hcy levels are

closely associated with decreased NO (Var et al., 2003b).

Also, Hcy induces trophoblast apoptosis and significantly

reduces human chorionic gonadotropin secretion (Di

Simone et al., 2003).

The mechanism for endothelial dysfunction in hyper-

homocysteinemia has not been elucidated. Nevertheless, it
could be partly explained on the basis of a diminution of NO

bioavailability leading to oxidative stress (Rodrigo et al.,

2003). It is interesting to note here that in a pharmacological

attempt to control hyperhomocysteinemia in men, given a

daily vitamin supplement (10 mg pyridoxal, 1.0 mg folic

acid, 0.4 mg cyanocobalamin, with a placebo-controlled

follow-up study), normalised elevated plasma concentra-

tions of Hcy were apparent within 6 weeks (Ubbink et al.,

1993). A hypothesis to explain the generation of hyper-

tension on the basis of Hcy-related contributory factors is

depicted in Fig. 1.

5.6. Dyslipidemia

Early pregnancy dyslipidemia has been reported to be

associated with an increased risk of PE. Hypertriglyceri-

demic dyslipidemia before 20 weeks of gestation is

associated with the risk of developing early but not late-

onset PE (Clausen et al., 2001). An increase in the risk of PE

was observed with increasing levels of LDL cholesterol,

triglycerides concentrations, and LDL/high-density lipopro-

tein (HDL) ratio (Enquobahrie et al., 2004). Indeed,

triglycerides and free fatty acids are already elevated in

the first and the second trimesters in these cases (Endresen

et al., 1994; Gratacos et al., 1996). In addition, several

studies reported high plasma levels of atherogenic small

dense LDL in women with PE (Sattar et al., 1997; Hubel et

al., 1998), which are susceptible to oxidative modification

and can exert deleterious effects on the endothelium, a result

not found in Black women (Patrick et al., 2004). A single

injection of native LDL in rats causes a marked decrease in

the vasodilator response to acetylcholine concomitantly with

an increase in the levels of ADMA and MDA. However,

pretreatment with 17 h-estradiol significantly attenuates the

inhibition of this vasodilator response and the elevation of

both ADMA and MDA concentration. The authors suggest

that estradiol possesses a protective effect on the endothe-

lium related to reduction of ADMA concentration by the

inhibition of lipid peroxidation (Dai et al., 2004). PE could

thus represent an acute model of endothelial cell activation

with subsequent effects of lipid peroxides in combination

with other endothelial and proinflammatory stimuli.

Although the lipid aberrations seen in PE may appear

unrelated, they have all been suggested to contribute to a

causative role of endothelin-1 in the aetiology of PE

(Coffey, 2003). Hyperlipidemia in pregnancy has been

suggested to be a promoter of endothelial dysfunction,

probably by inducing oxidative stress in the arterial wall.

This effect is thought to be exacerbated in PE by the

combination of lipoproteins and placental derived factors,

such as lipid peroxides and trophoblastic components,

forming complexes more deleterious to endothelial cells

than the individual effects (Lorentzen & Henriksen, 1998).

It deserves special mention that oxLDL formed by increased

oxidative stress status, but not native LDL, inhibit human

trophoblast cell invasion in a concentration-dependent
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Fig. 1. Schematic diagram illustrating the proposed role of hyperhomocysteinemia in the development of hypertension in preeclamptic women. ADMA,
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manner, suggesting that the process of invasion may be

modulated by oxLDL in vivo (Pavan et al., 2004). This view

provides new insights into the pathophysiology of PE

associated with oxidative stress and defective trophoblast

invasion.

5.7. Nuclear factor-kappa B

Nuclear factor kappa-B (NF-nB) is a transcription factor

involved in enhancing the expression of various proinflam-

matory biochemical markers including cytokines, chemo-

kines, and cellular adhesion molecules (Baeuerle & Henkel,

1994; Baldwin, 1996). The first step in this cascade is the

activation of cytoplasmic inactive dimers of NF-nB, which
are bound to I-nB. I-nB is phosphorylated, ubiquitinated,

and ultimately degraded by proteasomes. Unbound dimers

so formed are translocated into the nucleus, bind to DNA,

and activate inflammatory genes. It was demonstrated that

women with severe PE possessed up-regulated NF-nB in

HUVEC. By contrast, NF-nB activity is suppressed in

peripheral mononuclear cells from pregnant women, a

condition exacerbated in PE (McCracken et al., 2003).

Factors released from preeclamptic trophoblast cells sig-

nificantly increase the expression in HUVEC of markers of

endothelial cell activation, such as intercellular adhesion

molecule 1 (ICAM-1), vascular cell adhesion molecule 1

(VCAM-1), P-selectin, and E-selectin, all causing some

remarkable pathophysiological effects of PE, possibly

through the activation of NF-nB (Wang et al., 2003). The
increased expression of ICAM-1, paralleled by the up-

regulation of NF-nB, is blunted by antioxidant treatment

with both vitamin E and N-acetylcysteine (Takacs et al.,

2001), thus supporting the involvement of oxidative stress

in endothelial dysfunction. In turn, the increased expression

of P-selectin and E-selectin in HUVEC cocultured with PE

trophoblast cells is significantly attenuated by chymotrypsin

inhibition, suggesting that this enzyme participates in the

selectin up-regulation in this disease (Wang et al., 2003).
6. Angiogenesis-related factors

Due to the fact that the angiogenic balance could be

impaired in PE, considerable attention has recently been

focused on angiogenesis-related gene products, including

vascular endothelial growth factor (VEGF), placental

growth factor (PlGF), and soluble fms-like tyrosine kinase

1 (sFlt1). VEGF is an endothelial-specific mitogen, which

plays a key role in promoting angiogenesis, as seen in a

variety of cells, including the endothelial cells at the

vasculature of the placenta. VEGF induces mitosis in the

endothelium and is required for the cells to survive

prolonged periods and function properly. PlGF is another

member of the VEGF family that is predominantly made in

the placenta. sFlt1 is an endogenously secreted protein that

captures free VEGF and PlGF, thus preventing these

molecules from interacting with the endogenous receptor.

In preeclampsia, free VEGF and PlGF synthesis is reduced,
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whereas sFlt1 is up-regulated in the placenta from the

second trimester of pregnancy (Maynard et al., 2003).

ROS derived from the NADPH oxidase complex are

critically important in many aspects of vascular cell

regulation. In this regard, a role of NADPH oxidase in

VEGF-induced angiogenesis has been suggested: NADPH

oxidase-derived ROS was suggested to participate in VEGF

signalling and angiogenesis-associated responses in vitro

and in vivo. Because angiogenesis is tightly controlled by

the reduction/oxidation environment at the level of the

VEGF receptor, it is possible that the up-regulation of

VEGF is mediated by ROS (Maulik & Das, 2002), thus

providing a novel potential therapeutic target for angio-

genesis-dependent diseases. This view is supported by

several studies. First, VEGF induces a significant increase

in superoxide production, as shown by electron spin

resonance with spin probe cyclic hydroxylamine PP-H

(Dikalov et al., 2002). Second, the functional role of

NADPH oxidase activity for this response was demonstra-

ted in cultured endothelial cells using chemical inhibitors of

the enzyme (Abid et al., 2000). Third, it was demonstrated

that the VEGF-dependent ROS stimulation occurs via a

Rac1-dependent, gp91phox-containing NADPH oxidase that

is essential to cell migration and proliferation of HUVEC

(Ushio-Fukai et al., 2002). In summary, VEGF stimulates

superoxide production in HUVEC through the activation of

Rac1� and gp91phox, 2 components of NADPH oxidase

complex of endothelial cells. Therefore, it should be
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Fig. 2. Schematic diagram illustrating the main contributory factors involving
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expected an impaired angiogenesis in PE, due to the

diminution of free VEGF induced by the up-regulation of

the expression of placental sFlt1 that prevents the interaction

of VEGF with the endogenous receptor. More recent studies

have revealed that angiogenesis assessed through endothe-

lial cell migration and in vitro tube formation was attenuated

by preincubation with exogenous sFlt1, and this effect was

abolished by the removal of sFlt1 by immunoprecipitation

(Ahmad & Ahmed, 2004). It has been hypothesised that the

elevated level of sFlt1 detected in placenta from women

with preeclampsia is a consequence of the placental hypoxia

that occurs during abnormal placentation (Karumanchi &

Bdolah, 2004). Recently, this view has gained support from

studies performed in explants of placenta and cultured

placental cells. Normal placental villous explants exposed to

hypoxic conditions that mimics oxygen tension of placenta

from women with PE show significantly increased produc-

tion of sFlt1, compared with tissue normoxia (Ahmad &

Ahmed, 2004). This effect is mediated by hypoxia-induced

factor (HIF-1a) binding to a hypoxia response element in

the flt1 gene promoter (Gerber et al., 1997). Accordingly, it

was demonstrated that reduced oxygen resulted in a

pronounced increase in sFlt1 mRNA amount and sFlt1

release into the culture media in cytotrophoblasts, whereas

this was not the case with HUVEC and fibroblasts

(Nagamatsu et al., 2004). Despite that VEGF expression is

stimulated by reduced oxygen concentration, free VEGF

could not be detected in these cytotrophoblast culture media,
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similar to the stimulation in HUVEC and fibroblasts. These

data provide new evidence that the effects of placental

hypoxia are cell type specific and that cytotrophoblasts

possess a unique property in that they enhance their ability

to produce sFlt1, which could antagonise the angiogenic

activity of VEGF and PlGF.

The subsequent endothelial dysfunction may disrupt the

blood–brain barrier and cause edema in the liver and may

also affect glomerular function, thus accounting for the

derangement known to occur in the disease (Maynard et al.,

2003). In addition, in the second trimester of preeclamptic

pregnancies, decreased plasma levels of VEGF have been

found to be associated with a diminution of NO. This has

been suggested to represent an impaired stimulus to vascular

formation and endothelial regulation that induces placental

disease and PE (Tranquilli et al., 2004). The finding that

sFlt1 administration to mice induces a PE-like phenotype

highlights its role in the pathophysiology of PE. Also, anti-

VEGF antibody administration causes rapid proteinuria,

which is associated with a disruption of glomerular

endothelial cells (Sugimoto et al., 2003). VEGF also

induces vasodilation, although it is not a powerful effect,

hence it could be expected that the decreased levels of

VEGF could contribute in some extent to the elevated blood

pressure. This could explain several, although not all, of the

major symptoms of PE (Luttun & Carmeliet, 2003). On the

basis of these data, a hypothesis was recently put forward

that an elevated sFlt1 is not so much a consequence of the

maternal syndrome but it may, in fact, induce it (Davison et

al., 2004). Thus, an increased level of sFlt1 was suggested
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Fig. 3. Schematic diagram illustrating the proposed role of oxidative stress in the d
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as a biomarker for the subsequent development of PE

(Levine et al., 2004). Nevertheless, although the serum

levels of sFlt1 in the women with PE begin to escalate

approximately by gestational age of 20 weeks, they are not

significantly higher than that of the controls until the onset

of the clinical disease.

A summary of the main contributory factors involving

endothelial dysfunction that underlie the clinical features of

PE is shown in Figs. 2 and 3.
7. Antioxidant therapy in the

prevention of preeclampsia: vitamins C and E

Antioxidant therapy of PE is based on the paradigm that

the overproduction of ROS contributes to the endothelial

cell activation accounting for the clinical expression of the

disease. On this basis, it could be suggested that the

therapeutic use of vitamins C and E might prevent these

complications of pregnancy. Accordingly, Chappell et al.

(1999), in a randomised trial of 283 women at high risk for

PE, showed a reduction in the incidence of the disease from

17% in the placebo group to 8% in the group treated with

vitamins C and E from the second trimester of pregnancy.

This effect was accompanied by a diminution of the indices

of oxidative stress towards values that were observed in a

group of healthy women (Chappell et al., 2002b). In

contrast, some authors have called into question the

importance of oxidative stress in PE and the biochemical

rationale for clinical trials of antioxidants to prevent and
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treat the disease (Regan et al., 2001). The latter studies

found no evidence of increased lipid peroxidation in

preeclamptic women, based on the determination of diverse

urinary cyclooxygenase-independent isoprostanes. How-

ever, these measurements excluded F2-isoprostanes, widely

accepted as reliable markers of lipid peroxidation (Liu et al.,

1998). Although F2-isoprostanes also could be enzymati-

cally generated, via cyclooxygenase-2, their augmented

placental secretion in PE is paralleled by increased MDA

production, with a correlation of 0.98 (Walsh et al., 2000),

which is a more convincing evidence of the occurrence of

placental oxidative stress than the abovementioned urinary

determinations. Attempts to characterise gestational profiles

of biochemical markers that are associated with preeclamp-

sia in the blood of pregnant women in whom preeclampsia

developed later have been done (Chappell et al., 2002a).

The mechanisms whereby vitamins C and E could attenuate

oxidative stress and endothelial dysfunction, thereby sup-

porting a prophylactic effect, will be discussed below.

7.1. Modulation of antioxidant status

Vitamins C and E are 2 essential nutrients that can

scavenge free radicals and constitute a strong line of defence

in retarding ROS-induced cellular damage. Moreover, it has

been demonstrated a synergistic effect between the 2

vitamins in vitro and in vivo (Salonen et al., 2000). Vitamin

E, mainly a-tocopherol, is the major peroxyl radical

scavenger in biological lipid phases, such as membranes

or LDL. Its antioxidant action has been ascribed to its ability

to chemically act as a lipid-based free radical chain-breaking

molecule, thereby inhibiting lipid peroxidation and oxLDL

formation. During normal pregnancy, plasma vitamin E

concentrations show a progressive elevation, what could be

due to the gestational increase in circulating lipoproteins,

the transporters of vitamin E. In patients with mild PE,

maternal blood a-tocopherol concentrations are not

decreased compared with normal pregnancies (Mikhail et

al., 1994; Sagol et al., 1999), but in patients with severe PE,

plasma a-tocopherol was significantly decreased compared

with controls, which is thought to be caused by the fact that

antioxidants may be utilised to a greater extent to counteract

free radical-mediated cell disturbances, resulting in a

reduction in their plasma levels (Kharb, 2000). On the

other hand, plasma levels of ascorbate decrease gradually

throughout normal pregnancy (Mikhail et al., 1994), but in

PE patients, the reserves are decreased by 20–50% over

normal pregnancy levels (Zhang et al., 2002). Ascorbic acid

has been shown to scavenge free radicals directly in the

aqueous phases of cells and the circulatory system.

However, it has also been proven to protect membrane

and other hydrophobic compartments from damage by

regenerating the antioxidant form of vitamin E. Thus, it

has been established that ascorbic acid can support the

antioxidant activity of a-tocopherol by reducing tocopher-

oxyl radicals directly or indirectly, thus acting to regenerate
oxidised vitamin E to the reduced form by nonenzymic

mechanism (Chan, 1993). The proposed mechanism of

action was that when vitamin E intercepts a radical, a-

tocopheroxyl radical is formed, which can be reduced back

to a-tocopherol by vitamin C or other reducing agents, thus

attenuating the propagation of free radical reactions (Zhang

et al., 2002). Thus, vitamin C prevents the prooxidant

activity of vitamin E by decreasing the activity of a-

tocopheroxyl radical to a-tocopherol, thereby contributing

to increased total antioxidant status and reduced oxidative

stress (Chen et al., 2001). Taken together, these data would

support the hypothesis that supplementation with vitamins C

and E would prevent the clinical consequences derived from

oxidative stress in PE.

7.2. Modulation of endothelial cell function

Although vitamins C and E have been mislabelled as

simply biological antioxidants, they also could play a key

role in the modulation of enzymes involved in the vascular

endothelial damage known to contribute to the pathophy-

siological mechanism of the clinical expression of PE. As

was previously discussed in the present review, in the

vascular cells, NADPH oxidase is the major source of

superoxide anion, a key mediator in the development of

systemic pathological processes such as impairment of

endothelium-dependent vasodilatation, inflammation or

increased platelet aggregation. The activity of NADPH

oxidase is directly down-regulated by vitamins C and E

(Ülker et al., 2003), thereby contributing to counteract the

development of these derangements in PE. These data are

in agreement with previous studies demonstrating that both

vitamins inhibit superoxide anion production in pig

coronary artery (Nunes et al., 1997). In addition, in

preparations of aorta from spontaneously hypertensive rats,

it was found that vitamins C and E, separately, caused an

enhancement of the activity of eNOS and NO generation

(Ülker et al., 2003), an effect expected to ameliorate the

deleterious vascular consequences derived from endothelial

dysfunction. The mechanisms whereby vitamins C and E

may cause down-regulation of NADPH oxidase and up-

regulation of eNOS are unclear, but it has been suggested

that they may play an important role in the regulation of

protein expression of the NADPH oxidase at the transcrip-

tional or post-translational levels (Chaudiere & Ferrari-

Iliou, 1999). In addition, we should not discard the

possibility that vitamins C and E directly influence the

biological activity of the enzymes. Vitamin E is located

within the cell membrane and could alter cell membrane-

associated NADPH oxidase by inhibiting or interrupting

the complex formation of the NADPH oxidase subunits

(Chen et al., 2001). Accordingly, a-tocopherol has been

shown to inhibit the activation of NADPH oxidase by

prevention of p47phox membrane translocation and phos-

phorylation (Cachia et al., 1998). Furthermore, another

beneficial effect on endothelial cell function results from
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the ability of vitamins C and E to stimulate the activity of

eNOS by increasing the intracellular availability of the

eNOS cofactor BH4, which would further increase NO

synthesis (Taddei et al., 1998; Newaz et al., 1999), thus

enhancing this enzyme activity (Baker et al., 2001). In

addition, vitamin C treatment improves endothelial NO

action, increases prostacyclin production, and lowers blood

pressure in coronary patients (Moran et al., 1993; Nunes et

al., 1997; Vita et al., 1998). Finally, the beneficial effects

of vitamin E in endothelial cell function also have been

related with its ability to inhibit the up-regulation of

ICAM-1 (Takacs et al., 2001) and the increased production

of IL-6 (Takacs et al., 2003), 2 effects of PE thought to be

mediated by NF-nB activation.

7.3. Prophylactic use in preeclampsia

Although it is uncertain that oxidative stress be the

primary event in the mechanism of PE, it plays a major role

in the pathophysiology of the disease, highlighting the

benefit of an antioxidant therapy as a mean to counteract the

deleterious effects of ROS. Normal pregnancy per se is

accompanied by increased indices of oxidative stress, but

further elevation of these indices, as well as those of

endothelial dysfunction, are found in PE after 20 weeks of

gestation (Chappell et al., 2002b). Because the appearance

of abnormal uterine artery Doppler flow velocity wave-

forms, a characteristic feature of PE, coincides with the

onset of the established PE, an antioxidant therapy given

later would be of doubtful efficacy. Therefore, it could be

recommended to initiate this prophylaxis before the 20th

week of gestation, after identifying the risk factors on the

basis of the medical history of the patient, what would lower

the risk of maternal vascular dysfunction and therein the

onset of PE. The rationale for the recommendation of

vitamins C and E supplementation towards the prevention of

PE concerning the oxidative events was recently reviewed

(Bilodeau & Hubel, 2003; Raijmakers et al., 2004a).

Supplements designed for pregnancy usually contain small

doses of a-tocopherol; however, no adverse effects have

been observed with higher levels of supplementation

(Brigelius-Flohe et al., 2002). Furthermore, short-term

supplementation of pregnant women before delivery sig-

nificantly enhanced the vitamin E status of the mother only,

suggesting that vitamin E does not pass efficiently through

the placenta to the newborn circulation. Despite the

promising role for vitamins C and E in preventing

pregnancy complications, very little is known about their

maternal and foetal pharmacodynamics (Pressman et al.,

2003). However, the lack of maternal and foetal adverse

effects reported for vitamins C and E in pregnancy at doses

known to reduce the oxidative stress and its consequences

raises the possibility of their administration to pregnant

women without involving foetal and maternal risk. Finally,

it should be noted that hyperhomocysteinemia is associated

with the occurrence of oxidative stress and endothelial
dysfunction. Therefore, in these cases, the amelioration of

vascular impairment found in PE through vitamins C and E

supplementation could be reinforced by inducing also a

diminution of homocysteinemia, what could be reached by

the addition of vitamins B12 and B6 plus folic acid (Ubbink

et al., 1993).
8. Concluding remarks and perspectives

PE, a disorder secondary to decreased placental

perfusion, which involves various maternal constitutional

factors and cell dysfunction, is broadly associated with

endothelial activation. Despite much research, controversy

remains as to the importance of oxidative stress as the

underlying mechanism of endothelial dysfunction in PE,

although the majority of studies point to its occurrence

from the third trimester. The antioxidant defence system

would be expected to counteract the deleterious effect of

oxidative stress, however, the expression of the main

antioxidant enzymes and other antioxidant systems are

reported decreased in preeclamptic placental tissues and in

the plasma, with a concomitant increase in lipid perox-

idation products. Additionally, although the possible role

of sFlt1 as a preeclamptic factor is just emerging, it seems

likely that other pathophysiological events occur prior its

increased placental production. The fact that radical-

scavenging antioxidants are consumed by increased free

radical activity in PE has provided a rational basis for

potential therapeutic interventions based on the early

administration of antioxidants to pregnant women at risk.

Studies of the role of vitamin C and E in the prevention of

PE have focused on its antioxidant properties, but their

biological effects surpass their ability as antioxidant

molecules. Thus, vitamins C and E also prevent the

impairment of endothelial cell function, among other non-

antioxidant mechanisms. Accordingly, the prophylactic

supplementation of vitamins C and E to pregnant women

is associated with reduced incidence of PE and decreased

placental and endothelial dysfunction. Recently, a combi-

nation of vitamins C and E has been recommended as a

promising prophylactic strategy for prevention of PE,

although further studies are still lacking. In addition, a

diminution of hyperhomocysteinemia to normal plasma

levels has been obtained within 6 weeks through supple-

mentation with a mixture of vitamins B6, B12, and folic

acid. These interventions are consistent with the view that

ascorbic acid and a-tocopherol behave not only as ROS

scavengers, but also as enzyme modulators, thus avoiding

superoxide anion formation and increasing the bioavail-

ability of NO. Thus, it should be expected that this

therapeutic intervention will decrease the morbidity and

mortality associated with PE (in addition to decreasing PE

incidence), although it is premature to ensure that the

dosages (e.g., 1 g ascorbate and 400 IU tocopherol daily)

are safe with respect to foetal development. Nevertheless,
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it can be concluded that there is relevance for the

application of large-scale multicenter clinical trials so as

to draw more definite conclusions. These studies, accom-

panied by early diagnostic recognition, would contribute to

new hope that novel strategies based on a pharmacological

prophylaxis of PE could reduce the incidence of PE in

high-risk groups. Thus, supplementation with vitamins

may be designed as a therapeutic opportunity that would

combat PE and thereby improve the healthy outcome for

both the mother and child.
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